Group A rotavirus (RVA) strain K8 (RVA/Human-tc/JPN/K8/1977/G1P [9]) was found to have Wa-like VP7 and NSP1 genes and AU-1-like VP4 and NSP5 genes. To determine the exact origin and overall genetic makeup of this unusual RVA strain, the remaining genes (VP1-VP3, VP6 and NSP2-NSP4) of K8 were analysed in this study. Strain K8 exhibited a G1-P[9]-I1-R3-C3-M3-A1-N1-T3-E3-H3 genotype constellation, not reported previously. The VP6 and NSP2 genes of strain K8 were related closely to those of common human Wa-like G1P [8] and/or G3P[8] strains, whilst its VP1-VP3, NSP3 and NSP4 genes were related more closely to those of AU-1-like RVAs and/or AU-1-like genes of multi-reassortant strains than to those of other RVAs. Therefore, strain K8 might have originated from intergenogroup-reassortment events involving acquisition of four Wa-like genes, possibly from G1P[8] RVAs, by an AU-1-like P[9] strain. Whole-genomic analysis of strain K8 has provided important insights into the complex genetic diversity of RVAs.
Group A rotaviruses (RVAs) are a major cause of severe childhood diarrhoea (Cashman et al., 2012; Estes & Kapikian, 2007) . To date, RVAs are classified into at least 27 G and 35 P genotypes on the basis of differences in the nucleotide sequences of their outer-capsid VP7-and VP4-encoding genes, respectively (Matthijnssens et al., 2011a) . In humans, G1, G2, G3, G4 or G9 strains in conjunction with P[4], P [6] or P [8] have been reported widely, whilst G12 is emerging as an important VP7 genotype (Matthijnssens et al., , 2010a Santos & Hoshino, 2005) .
By RNA-RNA hybridization, human RVAs have previously been classified into at least two major genogroups, represented by reference strains RVA/Human-tc/USA/ Wa/1974/G1P1A [8] and RVA/Human-tc/USA/DS-1/1976/ G2P1B [4] , and one minor genogroup, represented by strain RVA/Human-tc/JPN/AU-1/1982/G3P3[9] (Nakagomi et al., 1989) . Recently, a whole genome-based genotyping system has been accepted as the standard method for classification of RVAs by researchers worldwide (Matthijnssens et al., 2008a (Matthijnssens et al., , b, 2011a . Applying this classification system, the VP1-VP3, VP6 and NSP1-NSP5 genes of most human RVA strains with different G and P genotypes were found to exhibit an RVA strain Wa-like (designated genotypes R1, C1, M1, I1, A1, N1, T1, E1 and H1) or DS-1-like (designated genotypes R2, C2, M2, I2, A2, N2, T2, E2 and H2) genotype, whilst a limited number of strains possessed genes of the AU-1-like (designated genotypes R3, C3, M3, I3, A3, N3, T3, E3 and H3) genotype Heiman et al., 2008; Matthijnssens, et al., 2008a Matthijnssens, et al., , b, 2011a . Results obtained using this genotyping system concurred with the previous classification of human RVA strains into the three RVA genogroups (Wa, DS-1 and AU-1) Matthijnssens et al., 2008a, b) . Human RVA strains possessing mixed genotype constellations have been also reported Whole-genomic analyses of atypical RVA strains are essential to obtain conclusive data on their true origin and evolution Matthijnssens et al., 2008a, b) . However, to date there are no reports on the whole-genomic analysis of the unusual G1P[9] RVA strains. RNA-RNA hybridization studies involving a single G1P [9] strain, K8, pointed towards possible intergenogroupreassortment events (Nakagomi et al., 1992) . By partial genomic analysis, strain K8 was found to possess Wa-like VP7 and NSP1 genes and AU-1-like VP4 and NSP5 genes (Kojima et al., 1996; Matthijnssens et al., 2008b; Taniguchi et al., 1989; Wu et al., 1998) . Therefore, to gain insights into the exact origin and overall genetic makeup of a G1P[9] RVA strain, the remaining seven genes (VP1-VP3, VP6 and NSP2-NSP4) of strain K8 were analysed in the present study. Moreover, only a few RVA gene sequences were available during analyses of the NSP1 and NSP5 genes of strain K8 in previous studies (Kojima et al., 1996; Wu et al., 1998) , prompting us to repeat phylogenetic analyses of these genes with a larger number of RVA strains.
Human G1P[9] strain K8 was isolated successfully by tissue culture in MA-104 cells in our laboratory (Urasawa et al., 1984) and stored at 280 u C until further analysis. Primers used for the amplification of the VP1-3, VP6 and NSP2-4 genes of strain K8 have been described previously (Ghosh et al., 2010a (Ghosh et al., , b, 2011 Wang et al., 2010) . RT-PCR, nucleotide sequencing and sequence analysis were carried out as described previously . Phylogenetic trees were constructed by the neighbour-joining method (Saitou & Nei, 1987) using MEGA (v5.01) software (Tamura et al., 2011) . The trees were statistically supported by bootstrapping with 1000 replicates, and phylogenetic distances were measured by the Kimura two-parameter model. The VP4, VP7, NSP1 and NSP5 genes of RVA strain K8 were shown previously to belong to the P[9], G1, A1 and H3 genotypes, respectively (Matthijnssens et al., 2008b) . In the present study, based on nucleotide sequence identities and phylogenetic analyses of the nearly full-length nucleotide sequences (minus the 59-and 39-end primer sequences), the VP1-VP3, VP6 and NSP2-NSP4 genes of strain K8 were assigned to the R3, C3, M3, I1, N1, T3 and E3 genotypes, respectively (Table 1 ; Fig. 1 ). Therefore, strain K8 exhibited a G1-P[9]-I1-R3-C3-M3-A1-N1-T3-E3-H3 genotype constellation, not reported previously. Four of the 11 genotypes (G1, I1, A1 and N1) of K8 were closely related genomically to those of the Wa-like RVAs, whilst its remaining seven genotypes were AU-1-like, revealing a mixed genotype constellation (Table 1) . The Wa-, DS-1-or AU-1-like genogroup is assigned to a human RVA strain if at least seven gene segments belong to the respective Wa-, DS-1-, or AU-1-like genotype (Matthijnssens et al., 2008a) . Therefore, strain K8 was assigned to the AU-1 genogroup.
The VP1 gene of strain K8 shared low nucleotide sequence identities (maximum nucleotide sequence identity of 89.9 % with strain RVA/Human-tc/THA/T152/1998/ G12P[9], followed by 89.5 % with strain AU-1) with those of other RVAs, and phylogenetically, it clustered separately, near strain AU-1, AU-1-like G12 strain T152 (Matthijnssens et al., 2008a, b; Rahman et al., 2007) and strain RVA/ Table 1 . Genotype nature of the 11 gene segments of RVA strain K8 compared with those of selected RVA strains with known genomic constellations Bold type indicates gene segments with a genotype identical to that of strain K8; -indicates that no sequence data were available in GenBank. Strains K8, Wa and AU-1 are underlined. Human-tc/ITA/PA260-97/1997/G3P [3] [a reassortant between RVAs of the AU-1-like and Cat97-like genogroups (Matthijnssens et al., 2011b)] (Fig. 1a) . Strain K8 exhibited maximum nucleotide sequence identity of 92.1 % to the AU-1-like VP2 gene of simian strain RVA/Simian-tc/USA/ RRV/1975/G3P [3] (Matthijnssens et al., 2010b) , followed by identities of 89.0 and 88.9 % to those of strains AU-1 and T152, respectively. Phylogenetically, strain K8 clustered near strain RRV within the VP2-C3 genotype (Fig.  1b) . The VP3 gene of strain K8 was related more closely to that of strain AU-1 (nucleotide sequence identity of 95.8 %) than to those of other RVAs (nucleotide sequence identities of ,88 %) (Fig. 1c) . The VP6 and NSP1 genes of K8 were related closely (nucleotide sequence identities of 99 %) to those of the common human Wa-like G3P [8] RVA strains detected in the USA in 1976 ( Fig. 1d; Fig. S1 , available in JGV Online). The NSP2 gene of K8 shared nucleotide sequence identities of 94-95 % and clustered phylogenetically with those of the common human Walike G1P[8] RVA strains (Fig. 1e) .
The NSP3 gene of strain K8 was related more closely (nucleotide sequence identities of 96.0, 95.9 and 95.6 %, respectively) to those of strains AU-1, RVA/Cat-wt/ITA/ BA222/2005/G3P[9] (a multi-reassortant strain derived from human, canine/feline, and bovine or bovine-like human RVAs) (Martella et al., 2011) and RVA/Human-wt/ JPN/KF17/2010/G6P[9] (a reassortant between bovine-like human and AU-1-like RVAs) than those of other RVA strains (nucleotide sequence identities of ,88 %) (Fig. 1f) . The NSP4 gene of strain K8 exhibited high nucleotide sequence identities of 97.9, 97.5, 96.7, 96.7 and 96.5 /1993/G3P3[9] , respectively, and clustered phylogenetically with strains R-2 and RRV, close to strains FRV384, FRV381 and FRV317, within the NSP4-E3 genotype (Fig. 1g) . The NSP5 gene of strain K8 formed a separate cluster with strain AU-1 and two other human P[9] RVA strains from Japan within the NSP5-H3 genotype (Fig. S2 ).
Taken together, the VP6, VP7, NSP1 and NSP2 genes of strain K8 were related closely to those of common human Wa-like G1P [8] and/or G3P[8] strains, whilst its VP1-VP4 and NSP3-NSP5 genes were related more closely to those of AU-1-like RVAs and/or AU-1-like genes of multi-reassortant RVA strains than those of other RVAs. Therefore, human G1P[9] RVA strain K8 might have originated from intergenogroup-reassortment events involving acquisition of four Wa-like gene segments, possibly from G1P[8] RVAs, by an AU-1-like P[9] strain.
Human AU-1-like strains are believed to be derived from feline/canine RVAs, as revealed by RNA-RNA hybridization studies (Nakagomi & Nakagomi, 1989) . Among the AU-1-like genes of strain K8, the NSP4 gene was possibly derived from co-circulating feline RVAs (Fig. 1g) .
Phylogenetically, the VP1, VP3 and NSP3 genes appeared to share a common ancestry with those of typical feline/ canine RVAs (Fig. 1a, c, f) . The VP4 gene belonged to the same genotype as those of the feline G3P[9] RVAs, such as strains RVA/Cat-wt/JPN/FRV1/1985/G3P3[9], FRV-317, FRV381 and FRV384 from Japan. On the other hand, the VP2 and NSP5 genes appeared to be genetically distinct from those of the typical canine/feline RVAs (Table 1 ; Fig.  1b; Fig. S2 ). Moreover, phylogenetically, the NSP5 gene of strain K8 (and AU-1) appeared to share a common ancestry with those of artiodactyl and artiodactyl-like human strains (Fig. S2) . Therefore, whole-genomic analyses of more AU-1-like human and typical canine/feline RVAs may be required to obtain conclusive data on the overall genetic relatedness between these RVAs, and with RVAs from other host species.
In conclusion, whole-genomic analysis of human RVA G1P[9] strain K8 provided important insights into the complex genetic diversity and evolutionary patterns of human RVAs. RVAs arising from intergenogroup-reassortment events, such as strain K8, are believed to be selected against in nature (McDonald et al., 2009) , as evident from the detection of only a few G1P[9] RVA strains in the last three and a half decades since the isolation of strain K8. However, compared with the high rates of detection of RVAs in humans, to date only a limited number of human RVA strains have been analysed for their whole genomes. Therefore, large-scale whole genome-based surveillance studies may be required to elucidate the actual frequency of RVA intergenogroup-reassortment events occurring under natural conditions, and to monitor the stability of RVA strains arising from such events. To our knowledge, the present study is the first report on the whole-genomic analysis of an intergenogroup-reassortant G1 RVA strain.
